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1. INTRODUCTION {#fsb220119-sec-0001}
===============

Membrane curvature is an important characteristic of the cell. Curved membrane domains are present at the plasma membrane as well as in internal organelles,[1](#fsb220119-bib-0001){ref-type="ref"} playing essential roles in maintaining normal cell morphology.[2](#fsb220119-bib-0002){ref-type="ref"} Caveolae represent one type of curved membrane domain at the plasma membrane.[3](#fsb220119-bib-0003){ref-type="ref"} Caveolae are small invaginations of the plasma membrane that appear as bulb‐like structures by electron microscopy.[4](#fsb220119-bib-0004){ref-type="ref"} The flattening of caveolae provides a reservoir of membrane to protect cells during mechanical stretching or hypo‐osmotic shock as cells change the shape.[5](#fsb220119-bib-0005){ref-type="ref"} Thus, they act as buffers against force to protect cells from membrane damage and loss of cell‐cell contact.[6](#fsb220119-bib-0006){ref-type="ref"} Endothelial, muscle, and fat cells have a high abundance of caveolae and these cells are subjected to comparatively high mechanical forces.[7](#fsb220119-bib-0007){ref-type="ref"} Large numbers of caveolae are also found in the notochord of zebrafish embryos where they act as mechanoprotective agents during embryonic development.[8](#fsb220119-bib-0008){ref-type="ref"}, [9](#fsb220119-bib-0009){ref-type="ref"}

At the plasma membrane, the distinctive bulb‐like structure of caveolae is generated by two layers of proteins: the inner one is made up of integral membrane proteins termed caveolins, forming a putative polygonal lattice, while the outer layer comprises a filamentous coat of cavins.[10](#fsb220119-bib-0010){ref-type="ref"} Both caveolins and cavins are required for caveola formation through the induction of membrane curvature.[11](#fsb220119-bib-0011){ref-type="ref"} It is worth noting that cavins are absent in the invertebrate genome.[12](#fsb220119-bib-0012){ref-type="ref"} Three paralogues of caveolins, caveolin1 (Cav1), caveolin2 (Cav2), and caveolin3 (Cav3), are present in the mammalian genome, with distinct expression patterns in various tissue types.[13](#fsb220119-bib-0013){ref-type="ref"} Cav1 and Cav2 are coexpressed in many nonmuscle cells whereas Cav3 is muscle‐specific and has a role in muscle development in vertebrates.[14](#fsb220119-bib-0014){ref-type="ref"}, [15](#fsb220119-bib-0015){ref-type="ref"} Only Cav1 and Cav3 can drive caveola formation,[16](#fsb220119-bib-0016){ref-type="ref"}, [17](#fsb220119-bib-0017){ref-type="ref"}, [18](#fsb220119-bib-0018){ref-type="ref"} suggesting that Cav1 has a major function in nonmuscle cells. Moreover, the caveolins are involved in several other cellular processes such as membrane trafficking via endocytosis and transcytosis, cell migration, extracellular matrix remodeling, tissue regeneration, lipid metabolism, and homeostasis.[19](#fsb220119-bib-0019){ref-type="ref"} Surprisingly, caveolin‐knockout mice are viable and fertile, showing that caveolins are not essential for survival.[7](#fsb220119-bib-0007){ref-type="ref"} However, caveolin‐KO mice show several pathological symptoms.[20](#fsb220119-bib-0020){ref-type="ref"}, [21](#fsb220119-bib-0021){ref-type="ref"}, [22](#fsb220119-bib-0022){ref-type="ref"}, [23](#fsb220119-bib-0023){ref-type="ref"}, [24](#fsb220119-bib-0024){ref-type="ref"} Mutations of caveolin genes have been linked to a number of diseases in humans.[7](#fsb220119-bib-0007){ref-type="ref"}

Evolutionary analysis of caveolins reveals that they are related to each other through common ancestry, indicating that they have conserved functions.[16](#fsb220119-bib-0016){ref-type="ref"} The expression of vertebrate caveolins in bacteria has been shown to form caveolae‐like structures.[17](#fsb220119-bib-0017){ref-type="ref"} Surprisingly, the expression of *Caenorhabditis elegans* caveolins could not induce the formation of caveola‐like structures in mammalian cells,[16](#fsb220119-bib-0016){ref-type="ref"} in a model bacterial system,[17](#fsb220119-bib-0017){ref-type="ref"} or in a cell‐free system.[18](#fsb220119-bib-0018){ref-type="ref"} Until now, no visible caveolae structures have been observed in invertebrate tissues,[12](#fsb220119-bib-0012){ref-type="ref"} with the exception of the description of a caveola‐like structure in *C. elegans*.[25](#fsb220119-bib-0025){ref-type="ref"} In contrast, the expression of caveolins from *Apis mellifera* in *Cav1*‐knockout mammalian cells caused the formation of caveolae.[16](#fsb220119-bib-0016){ref-type="ref"} The current data suggest that the functional differentiation of caveolins might exist between the vertebrates and invertebrate lineages.

Here, we showed that without cavin, ascidian caveolin induced membrane curvature to form plasma membrane invaginations, which were morphologically different from vertebrate caveolae. Knockdown of caveolin in *Ciona* embryos caused the loss of a distinct class of plasma membrane invaginations, identifying these structures as caveolin‐dependent invertebrate caveolae. Loss of caveolin caused defects in muscle and notochord elongation, and thus affected tail morphogenesis. Furthermore, we examined the effects of a Cav‐a dominant‐negative mutant, expressed under its own promoter in the muscle and notochord. Similarly, a short tail phenotype was produced as a consequence of compromised function of Cav‐a in the muscle and notochord. We also found that caveolin vesicles were involved in lumen opening in the process of notochord lumenogenesis. Thus, our results demonstrate that Cav‐a plays crucial roles in tail morphogenesis and notochord lumen formation in *Ciona* embryos.

2. MATERIALS AND METHODS {#fsb220119-sec-0002}
========================

2.1. Experimental animals {#fsb220119-sec-0003}
-------------------------

We used *Ciona* spp. in our experiments. *C. savignyi* and *C. intestinalis* were collected from Qingdao and Rongcheng harbour bay (Shandong Province, China) and was maintained in a seawater tank with aeration and constant illumination in the laboratory. The dissection of adult animals for the extraction of gametes was carried out with the help of scissors, while the developmental stages were considered as Hotta\'s classification.[26](#fsb220119-bib-0026){ref-type="ref"} After fertilization and dechorionation the embryos were cultured at 16°C.

2.2. Molecular cloning and qRT‐PCR {#fsb220119-sec-0004}
----------------------------------

The caveolin sequences were searched in the Ghost Database for *C. savignyi*. The putative ORF of caveolin‐a (Cav‐a), caveolin‐b (Cav‐b), and caveolin Y (CavY) were identified and amplified by PCR using cDNA from the larval stage for Cav‐a and Cav‐b, and cDNA from the adult stage for CavY (primers in Table [S1](#fsb220119-sup-0001){ref-type="supplementary-material"}). Then, they were subcloned and sequenced to confirm the identity. The total RNA was extracted from the larvae and adults using the RNAiso plus reagent according to the manufacturer\'s instructions (Takara Bio Inc). The integrity and quality of total RNA was determined by agarose gel electrophoresis and Nanodrop spectrophotometry (Thermo Fisher). First‐strand cDNA was synthesized using 0.5 µg total RNA by reverse transcriptase (Takara Bio Inc). At least one primer for Cav‐a, Cav‐b, and CavY (Table [S1](#fsb220119-sup-0001){ref-type="supplementary-material"}) was placed between exons to avoid genomic DNA amplification. The qRT‐PCR was performed using the SYBER Green PCR Master Mix (Roche) on Light Cycler 480 (Roche). The expression level of Cav‐a, Cav‐b, and CavY was normalized using EF1α as a reference.

2.3. Plasmid constructions {#fsb220119-sec-0005}
--------------------------

The 2, 1.5, and 1 kb DNA sequence upstream of the *Cav‐a* gene from *C. savignyi* was amplified by PCR and subcloned into Kpn1 and BamH1 restriction sites of the EGFP1 vector (Clontech) for promoter analysis. Cav‐a was amplified by PCR and subcloned into the BamH1 site of the *Cav‐a2kb*\>EGFP plasmid. Inverse PCR was performed to remove five base pairs and ligated by infusion reaction to create a *Cav‐a*\>Cav‐a::EGFP expression plasmid. To create notochord specific expression vector, 2 kb promoter from the upstream region of the *brachyury* gene was amplified by the PCR method, and then subcloned into Kpn1 and BamH1 sites to construct an expression vector *Bra*\>mCherry and *Bra*\>EGFP. The full length of Cav‐a was amplified by the PCR method. Cav‐a was subcloned into BamH1 site of *Bra*\>mCherry plasmid. Inverse PCR was performed to remove five base pairs and ligated by infusion reaction to create the *Bra*\>Cav‐a::mCherry. The full length of Cav‐a was subcloned into the pEGFP‐1 vector to generate the cmv\>Cav‐a::EGFP expression plasmid.

To generate caveolin (*Homo sapiens* or *C. intestinalis*) expression vectors yielding N‐terminal fusion of GFP, the coding sequences (Cav1 *H. sapiens*, Q03135; Cav‐a *C. intestinalis*; ENSCINT00000002782) were synthesized from Integrated DNA Technologies (IA, USA) with flanking recombination sequences (att L1 and att L2), and cloned into the pDONOR221 vector by BP recombination (Invitrogen, Australia), followed by LR recombination (Invitrogen, Australia) to clone the encoding ORF into the destination vector: pCellFree‐N‐terminal‐GFP. All PCR primers are listed in Table [S1](#fsb220119-sup-0001){ref-type="supplementary-material"}.

2.4. Mutagenesis {#fsb220119-sec-0006}
----------------

The N‐terminal and C‐terminal deletion mutants of Cav‐a from *C. savignyi* were PCR amplified and subcloned into the BamH1 site of the *Cav‐a‐2kb*\>EGFP plasmid. Five base pairs were removed by inverse PCR and then ligated by infusion reaction to create the *Cav‐a*\>Cav‐aΔ1‐117::EGFP and *Cav‐a*\>Cav‐aΔ160‐236::EGFP expression plasmids. For point mutant plasmids, the proline at position 189 of Cav‐a was changed to leucine by site‐directed mutagenesis. Two expression plasmids, *Cav‐a*\>Cav‐a::EGFP and *Bra*\>Cav‐a::mCherry were subjected to site‐directed mutagenesis using standard protocol to create *Cav‐a*\>Cav‐aP189L::EGFP and *Bra*\>Cav‐aP189L::mCherry expression plasmids. The PCR primers are listed in Table [S1](#fsb220119-sup-0001){ref-type="supplementary-material"}.

2.5. In situ hybridization and immunohistochemistry {#fsb220119-sec-0007}
---------------------------------------------------

Whole‐mount in situ hybridization was performed as described previously[27](#fsb220119-bib-0027){ref-type="ref"} using a Roche kit. Embryos were collected at the desired stage and fixed in 4% paraformaldehyde in seawater for 2 hours at room temperature. They were then dehydrated in ethanol series and stored in methanol at −20°C until use. After in situ hybridization, the embryos were mounted in 50% glycerol and observed under a light microscopy. Full length Cav‐a from *C. savignyi* was used to produce antibody. Embryos were fixed by 4% paraformaldehyde in seawater for 2 hours at room temperature. After fixation and blocking, 1/1000 dilution of Cav‐a antibody was used as a primary antibody overnight at room temperature. Similarly, 1/1000 dilution of Alexa 566‐conjugated anti‐mouse IgG goat antibody was used as the secondary antibody. Then, the embryos were counterstained with wheat germ agglutinin (WGA, Molecular Probe) in 1/500 dilution. After washing, the embryos were mounted in VECTASHIELD with DAPI (Vector Laboratories) before microscopic observation.

2.6. Phylogenetic analysis {#fsb220119-sec-0008}
--------------------------

Similar caveolin sequences from different animal taxa were searched using BLAST[28](#fsb220119-bib-0028){ref-type="ref"} in the NCBI, ENSEMBL, and ANISEED databases (Table [S2](#fsb220119-sup-0001){ref-type="supplementary-material"}). After collecting the full‐length caveolin amino acid sequences, we generated multiple sequence alignment with Clustal Omega. For phylogenetic analysis, these sequences were first subjected to multiple sequence alignment using MUSCLE[29](#fsb220119-bib-0029){ref-type="ref"} and then curated by G block to remove any gaps in the alignments.[30](#fsb220119-bib-0030){ref-type="ref"} The G block‐curated sequences were then used to build a phylogenetic tree using the maximum likelihood method by RAxML.[31](#fsb220119-bib-0031){ref-type="ref"} In addition, the LG substitution model was opted as a model predicted by ProtTest3[32](#fsb220119-bib-0032){ref-type="ref"} for the sequences in the phylogenetic analysis with 100 bootstraps estimation.

2.7. Electroporation {#fsb220119-sec-0009}
--------------------

Electroporation was followed according to the method described previously[33](#fsb220119-bib-0033){ref-type="ref"} with some modifications. After fertilization, the dechorionated eggs (200 µL) were mixed with 60‐80 µg of plasmids in 100 µL final volume adjusted with MilliQ water and was electroporated with 400 µL of 0.96 M [d]{.smallcaps}‐Mannitol using a Gene Pulser Xcell System (BIO‐RAD) in 0.4 cm cuvettes. The exponential protocol was used with 50 V and 1000 µF as a parameter. Once electroporated, the fertilized eggs were washed, and cultured at 16°C.

2.8. Morpholino microinjection {#fsb220119-sec-0010}
------------------------------

The Cav‐a morpholino (Cav‐a‐MO--5′TTCTGTTCGTTGTGTTCACTCATTG‐3′) and control morpholino (Control MO--5′‐TTGTCTTCCTTGTCTTGACTCATTG‐3′) were purchased from Gene Tools. The stock solution of 1 µM was prepared by dissolving morpholino in sterile water. The dechorionated eggs were microinjected at 0.5 µM morpholino concentration as described previously.[34](#fsb220119-bib-0034){ref-type="ref"} The dechorionated eggs were fertilized after microinjection and cultured at 16°C. The efficiency of knockdown was verified by Cav‐a antibody staining.

2.9. Rescue experiments {#fsb220119-sec-0011}
-----------------------

Dechorionated *Ciona* eggs were injected with Cav‐a morpholino and codon‐modified Cav‐a mRNA. Codon‐modified Cav‐a mRNA was synthesized using the primers listed in Table [S1](#fsb220119-sup-0001){ref-type="supplementary-material"}. Final concentrations of 0.5 µM Cav‐a MO and 135 ng/µL of codon‐modified Cav‐a mRNA were used. Dechorionated eggs were fertilized after microinjection and cultured at 16°C.

2.10. Transmission electron microscopy (TEM) {#fsb220119-sec-0012}
--------------------------------------------

*Ciona* embryos were collected and fixed in 2.5% glutaraldehyde in PBS and 0.05% ruthenium red (Sigma) for 90 minutes on ice. The embryos were then washed with PBS three times and postfixed in 1.5% OsO4 in PBS for 150 minutes on ice. Then, the embryos were washed with PBS further three times. Dehydration of the embryos was carried out in an ethanol series, before embedding in Epon. Ultrathin sections were viewed without further staining or were stained with uranyl acetate and lead citrate. Sections were viewed in a JEOL JEM‐1200 or JEOL 1011 transmission electron microscope.

For Apex experiments in cultured mammalian cells, BHK cells and caveolin‐1 knockout mouse embryonic fibroblasts (MEFs) were cultured in Dulbecco\'s Modified Eagle Medium supplemented with 10% FBS, 1% Pen/Strep at 37°C, and 5% CO~2~. Cells were seeded in 6‐well plates and transient transfections were carried out with Lipofectamine 3000 (Invitrogen). The constructs cmv\>Cav‐a::EGFP and GFP‐nanobody‐APEX2 were cotransfected in BHK cells and CAV1−/− MEFs, and then cultured for 24 hours. The BHK cells and MEFs were collected and then processed for EM following established protocols.[35](#fsb220119-bib-0035){ref-type="ref"} Sections were then viewed as described above.

2.11. Cell‐free expression experiments {#fsb220119-sec-0013}
--------------------------------------

GFP‐tagged synthetic caveolins from *C. intestinalis* were translated in a cell‐free system that utilizes a *Leishmania tarentolae* extract (LTE) and then purified by gradient floatation fraction assay as previously described in detail.[18](#fsb220119-bib-0018){ref-type="ref"} For Immuno‐gold labeling, the Glow‐discharged carbon coated grid was placed on a sample droplet for 20 minutes, followed by blocking with 1% casein in PBS 3 times for 5 minutes. After that, the grid was incubated with sequential antibody droplets as follows, (a) GFP nanobody‐MBP (60 μg/mL) for 30 minutes, (b) anti‐MBP antibody rabbit IgG (at 1:100 dilution) (New England Biolabs, UK) for 30 minutes, and (c) 10 nm colloidal gold‐conjugated protein A (at 1:50 dilution) (Cell Microscopy Center, Department of Cell Biology University Medical Center Utrecht The Netherlands). Each time, excess antibodies were washed‐off through blocking buffer incubation (3 times for 5 minutes). For negative staining, the grid was washed with PBS (5 times for 5 minutes) and fixed with 4% PFA in PBS for 10 minutes, followed by water wash (5 times for 5 minutes) and staining with methylcellulose and uranyl acetate (9:1) for 10 minutes. For electron tomography, Dual‐axis tilt electron tomography was performed in a TECNAI 12 (Philips) microscopy at an acceleration voltage of 120 kV (−60° to +60° at 2° incremental sampling). This instrument is equipped with a 4 × 4 k LC‐1100 Direct Electron under the control of Serial EM (Boulder, USA) at 2‐fold binning. The densities of membranes were reconstructed from tilt series using weighted back‐projection in IMOD (Boulder, USA).

2.12. Light microscopy, time‐lapse movies, and FRAP assays {#fsb220119-sec-0014}
----------------------------------------------------------

Imaging for the bright‐field, differential interference contrast, and fluorescence was carried out using a Nikon ECLIPSE Ni. Confocal images were taken by Nikon A1 confocal microscope with identical settings and the same exposure time using either 20x or 40x objectives (1.2 NA). The FRAP experiments were carried out on the apical membrane of notochord cells in stage 23 embryos. The Cav‐a‐tGFP signal was photobleached by illumination with a 405‐nm diode laser (50 mW) and the images were captured by continuous recording. All images were handled with Adobe Photoshop, Adobe Illustrator, and Image J.

2.13. Quantification and statistical analysis {#fsb220119-sec-0015}
---------------------------------------------

All measurements in the image data were carried out by NIS elements version 4.50 and ImageJ software. The graphs were generated in either Microsoft Excel 14.0.4 or GraphPad Prism7. For statistical analysis, we used two‐tailed unpaired t tests in Microsoft Excel 14.0.4. The statistically significant graphs are presented as mean ± standard deviation with p values indicated by asterisks (\**P* \< .05, \*\**P* \< .01, \*\*\**P* \< .001, and \*\*\*\**P* \< .0001). All figures were prepared using Adobe Photoshop and Adobe illustrator, and all movies were handled with Image J.

3. RESULTS {#fsb220119-sec-0016}
==========

3.1. Evolutionarily conserved caveolins in ascidian *C. savignyi* {#fsb220119-sec-0017}
-----------------------------------------------------------------

We used vertebrate caveolin and cavin sequences to blast against the *Ciona* genome. No significant hit results for cavins were obtained in the default settings. In contrast, caveolins are readily detected using the same search conditions. Consistent with a previous result,[12](#fsb220119-bib-0012){ref-type="ref"} we conclude that *Ciona*, like other invertebrates, lacks cavins. The three identified *Ciona* caveolins paralogues are named as *Cav‐a*, *Cav‐b*, and *CavY*. The *Cav‐a* and *Cav‐b* genes are located on the same chromosome, while the *CavY* gene is located on a different chromosome, as revealed by mapping of *Cav‐a*, *Cav‐b*, and *CavY* sequences to the genome. Examination of the gene structure showed that *Cav‐a* has two introns and three exons, but *Cav‐b* has only one intron and two exons. Similarly, *CavY* has two introns and three exons (Figure [S1](#fsb220119-sup-0001){ref-type="supplementary-material"}A). We also performed multiple sequence alignments of the caveolin proteins and found that all *Ciona* caveolins have three characteristic domains; oligomerization, scaffolding, and intramembrane domain. The mammalian "caveolin signature motif," FEDVIAEP,[36](#fsb220119-bib-0036){ref-type="ref"} was also conserved in *Ciona* caveolins (asterisks in Figure [S1](#fsb220119-sup-0001){ref-type="supplementary-material"}B). The full open reading frames of three caveolins after amplification showed that the *Cav‐a* sequence was longer than that of *Cav‐b* and *CavY* (Figure [S1](#fsb220119-sup-0001){ref-type="supplementary-material"}C).

To understand the relationship and origin of ascidian caveolins, evolutionary analysis was performed by building a phylogenetic tree across metazoans (Figure [1](#fsb220119-fig-0001){ref-type="fig"}A). Lower vertebrates have four caveolins, Cav1, Cav2, Cav3, and CavY, while in mammals only Cav1, Cav2, and Cav3 are present in their genomes.[16](#fsb220119-bib-0016){ref-type="ref"} Our phylogenetic analysis illustrated that the vertebrate Cav1, Cav2, and Cav3 clustered together, which confirmed that they were closely related and these sequences probably duplicated in the vertebrate genomes after separation from the tunicates. Our results also showed that *Ciona* Cav‐a (green arrowheads) from the tunicate group (box in Figure [1](#fsb220119-fig-0001){ref-type="fig"}A) clustered with the vertebrate Cav1 (red arrow) and Cav3 groups, suggesting that Cav‐a from the tunicates might be functionally conserved with the vertebrates' Cav1. The origin of Cav‐b and CavY is less clear. They seemed to have originated early, during the evolution of the caveolin gene as indicated by their long branches in the phylogenetic tree (Figure [1](#fsb220119-fig-0001){ref-type="fig"}A). We have compared the sequence of Cav‐a from *Ciona* with vertebrate Cav1. The identity and similarity values were 46% and 72%, respectively (Figure [S2](#fsb220119-sup-0001){ref-type="supplementary-material"}). In addition, the mRNA expression levels of *Cav‐a* and *Cav‐b* were comparatively high during the embryonic stage, but not in the case of *CavY*, which showed high expression levels in the adult stage only (Figure [1](#fsb220119-fig-0001){ref-type="fig"}B). In situ hybridization revealed that *Cav‐a* was initially expressed only in the muscle, but later in both muscle and notochord (Figure [1](#fsb220119-fig-0001){ref-type="fig"}C). No positive signal was detected by the *Cav‐a* sense probe (Figure [S3](#fsb220119-sup-0001){ref-type="supplementary-material"}).

![Evolutionarily analysis and mRNA expression of caveolin genes. A, Phylogenetic analysis of caveolins. The maximum likelihood analysis for the phylogenetic tree was carried out using the LG model for amino acid substitution. The gaps and missing data were eliminated during tree constructions. The box area denotes the cluster of Cav‐a, Cav‐b, and CavY. The green arrowheads indicated *Ciona* Cav‐a, while the red arrow indicated human Cav1. The scale bar represents the substitution rate. B, Expression of caveolin mRNA in *C. savignyi*. The *Cav‐a* and *Cav‐b* are highly expressed during the embryonic stage. The expression level of *CavY* is low at the embryonic stage, but becomes high in adults. C, The *Cav‐a* mRNA signal is detected only in the muscle (red arrowhead) at the early tailbud stage, but later it is detected both in the muscle (red arrowhead) and notochord (green arrows) at mid‐tailbud stage and larval stage. Scale bar represents 100 µm](FSB2-34-1345-g001){#fsb220119-fig-0001}

3.2. Cav‐a is localized in muscle and notochord in ascidian embryos and larvae {#fsb220119-sec-0018}
------------------------------------------------------------------------------

To explore the in vivo function of *Ciona* Cav‐a, we first raised a monoclonal antibody and performed immunohistochemistry to detect the localization of endogenous Cav‐a during embryogenesis. Initially, at 11 hours post‐fertilization (hpf), Cav‐a was localized only in the muscle (yellow arrowhead), but was not detected in the notochord (Figure [2](#fsb220119-fig-0002){ref-type="fig"}A). However, at 14 hpf, when the embryo developed into an arch shape due to bending of the tail region, the Cav‐a showed strong signals both in the muscle (yellow arrowhead) and notochord (white arrow). Just before lumen formation at 17 hpf, Cav‐a was localized at the center of the lateral domain (white arrow in Figure [2](#fsb220119-fig-0002){ref-type="fig"}A) presumably forming the apical domain in the notochord cell. Later at 22 hpf, when the lumen was fully expanded in the *Ciona* notochord, Cav‐a was found to be enriched at the luminal membrane of the notochord (white arrow in Figure [2](#fsb220119-fig-0002){ref-type="fig"}A) and labeled punctate structures on the membrane of the muscle cell (yellow arrowhead in Figure [2](#fsb220119-fig-0002){ref-type="fig"}A). The embryos were also counterstained with wheat germ agglutination (WGA) conjugated with fluorescent dye to show the epithelia and notochord. *Cav‐a* promoter analysis gave similar results (Figure [S4](#fsb220119-sup-0001){ref-type="supplementary-material"}) to immunohistochemistry and in situ hybridization experiments. The dual expression patterns of Cav‐a in the muscles and notochord of *Ciona* embryos imply that its function might be related to the morphogenesis of these tissues.

![Localization of Cav‐a in *Ciona* embryos*.*A, Localization of Cav‐a at different developmental stages of *Ciona* embryos by immunohistochemistry. At 11 hours postfertilization (hpf), Cav‐a is localized in the muscle only (white arrowhead). At 14 hpf, Cav‐a is localized at both the muscle (white arrowhead) and notochord cells (white arrow). At the beginning of lumen formation (17 hpf), Cav‐a is localized at the center of the lateral domain (white arrow) of the notochord cell and the membrane of the muscle cell (white arrowhead). At 22 hpf, Cav‐a is localized at the luminal membrane (arrow) and at the membrane of the muscle cells (arrowhead). The green images show counterstaining with wheat germ agglutination (WGA) at different stages of *Ciona* embryos. DAPI is shown in the merged image. B, Schematic diagrams of the domain organization of the Cav‐a, C‐terminal, and N‐terminal deletions of Cav‐a mutant. Blue, yellow, and red rectangles indicate oligomerization, scaffolding, and intramembrane domains, respectively. C, Wild‐type, C‐terminal, and N‐terminal deletions of Cav‐a GFP fusion constructs are expressed in the living embryos. White arrows Cav‐a is localized at the luminal membrane domain of the notochord cell (white arrows) and caveolar vesicles are visible in the muscle cell (yellow arrows). The C‐terminal deletion of Cav‐a (Cav‐a∆160‐236‐EGFP) is mislocalized in the nuclei of notochord cells and the muscle cells (blue arrows) at 20 hpf. The N‐terminal deletion of Cav‐a (Cav‐a∆1‐117‐EGFP) shows normal membrane localization in the notochord and muscle cells at 20 hpf. Large vacuoles are observed at the muscle cells (red arrow). Scale bar represents 10 µm. D, Caveolae‐like structures are present in the *Ciona* embryonic muscle and notochord. Caveolae‐like "U" shape structure (red arrows in two top panels) and long tubular membrane invagination (blue arrows) are present at the apical luminal membrane of the notochord. Caveolae‐like structure is also observed in the muscle (red arrows in bottom panels). Scale bar is 0.2 µm. no = notochord, L = lumen, and mu = muscle. E, Quantification of caveolae (n = 10) shape in *Ciona*. Bulb diameter is indicated by the red arrow, neck diameter by the black arrow, and depth of caveolae by the blue arrow](FSB2-34-1345-g002){#fsb220119-fig-0002}

Comparison of the *Ciona* caveolins with the vertebrate caveolins suggests the presence of three distinct caveolin domains: oligomerization, scaffolding, and intramembrane. We generated wild‐type, C‐terminal, and N‐terminal deletion mutants of Cav‐a GFP fusion proteins (Figure [2](#fsb220119-fig-0002){ref-type="fig"}B) to examine which domain is required for its subcellular localization in living embryos. The results showed that the C‐terminal deleted mutant, Cav‐a∆160‐236‐EGFP, was localized in the nucleus of both the notochord (blue arrow) and muscle cell (blue arrow) at 20 hpf (Figure [2](#fsb220119-fig-0002){ref-type="fig"}C). In contrast, the N‐terminal deleted mutant, Cav‐a∆1‐117‐EGFP fusion protein localized normally in both the notochord (white arrow) and muscle cell at 20 hpf (Figure [2](#fsb220119-fig-0002){ref-type="fig"}C). Strikingly, the N‐terminal deleted mutant of Cav‐a caused the formation of a large number of giant vesicles in the muscles (red arrow, Figure [2](#fsb220119-fig-0002){ref-type="fig"}C). These observations suggest that the C‐terminal region of Cav‐a is essential for its plasma membrane localization, while N‐terminal is required for its cytoplasmic trafficking.

Plasma membrane localization of *Ciona* caveolin is consistent with the localization of vertebrate caveolin that generates the caveolae structure in the plasma membranes. To visualize the structure in the plasma membrane of *Ciona* embryonic notochord and muscle tissues, we performed TEM of the wild‐type *Ciona* embryos. The results revealed invaginated uncoated structures at the apical luminal membrane in notochord cell (red arrows in Figure [2](#fsb220119-fig-0002){ref-type="fig"}D) and muscle cells (red arrows in Figure [2](#fsb220119-fig-0002){ref-type="fig"}D). Those structures resembled vertebrate caveolae, but without a distinct "neck" shape (Figure [2](#fsb220119-fig-0002){ref-type="fig"}D). We quantified and compared the caveolae shape in *Ciona* (Figure [2](#fsb220119-fig-0002){ref-type="fig"}E) and zebrafish (Figure [S5](#fsb220119-sup-0001){ref-type="supplementary-material"}A,B), and found that the "neck" of *Ciona* caveolae is wider than that in zebrafish. No caveolae rosette‐like structures were observed in our electron microscopy data. This observation indicates that vertebrate caveolae‐like structures are present in the Cav‐a expressed tissues in *Ciona* embryos but these structures have distinct morphology. Interestingly, this morphology is virtually identical to the few remaining caveolar structures observed in the zebrafish notochord upon knockout of the notochord Cavin1 isoform, Cavin1b.[9](#fsb220119-bib-0009){ref-type="ref"}

3.3. Cav‐a forms caveola‐like structures by inducing membrane curvature {#fsb220119-sec-0019}
-----------------------------------------------------------------------

In order to determine whether *Ciona* Cav‐a generates those caveolae‐like structures in the plasma membrane, we first expressed Cav‐a::GFP and Cav‐b::GFP in a LTE cell‐free system and examined the effect of the Cav‐a protein on endogenous membranes within the lysate.[18](#fsb220119-bib-0018){ref-type="ref"} The results showed that *Ciona* Cav‐a but not Cav‐b induced membrane curvature similar to that induced by human Cav1 (red circle in Figure [3](#fsb220119-fig-0003){ref-type="fig"}A). We then expressed *Ciona* caveolin fusion proteins in baby hamster kidney (BHK) cells and found that the expressed protein did not colocalize with endogenous cavin1 (Figure [3](#fsb220119-fig-0003){ref-type="fig"}B). Cav‐b::EGFP also showed no colocalization with cavin1 (Figure [3](#fsb220119-fig-0003){ref-type="fig"}C). These results suggest that unlike mammalian cavins and one tested invertebrate caveolin from the honey bee,[11](#fsb220119-bib-0011){ref-type="ref"} *Ciona* Cav‐a could not recruit the endogenous cavin1 protein.

![*Ciona* Cav‐a does not recruit vertebrate cavin‐1, but induces membrane curvature in a *Leishmania tarentolae* extract (LTE) cell‐free system. A, In vitro curvature generation by *Ciona* Cav‐a in LTE. Successive virtual cross‐section of reconstructed tomograms highlights *Ciona* Cav‐a‐induced membrane curvatures, which resemble mammalian CAV1‐induced membrane curvatures. Red circles show CAV1‐induced curvature. Yellow circles show the 10 nm gold labeling. Scale bars in A, 20 nm. B‐C, Expression of Cav‐a::EGFP (B) and Cav‐b::EGFP (C) in baby hamster kidney (BHK) cells. White arrows show the punctate distribution in the BHK cells. White arrows show the punctate structure of cavin1 at the plasma membrane in the Cav‐a‐expressed cells. The Cav‐a::EGFP and cavin1 do not colocalize (white arrows in B). White arrows show the ring structure of Cav‐b::EGFP in the cytoplasm, which does not colocalize with cavin1 (white arrows in C)](FSB2-34-1345-g003){#fsb220119-fig-0003}

We further examined the trafficking of *Ciona* caveolins by EM in two mammalian cell culture model systems. Cav‐a GFP was detected by APEX staining. In BHK cells, the peroxidase reaction product was found associated with cytoplasmic vesicles (red arrowheads in Figure [4](#fsb220119-fig-0004){ref-type="fig"}A) and the invaginations at the surface plasma membrane (blue arrows in Figure [4](#fsb220119-fig-0004){ref-type="fig"}B) that were far larger than caveolae (150 nm vs approximately 65 nm for caveolae). This was confirmed by caveolin knockout (Cav1−/−) MEFs; similar curved structures were detected at the plasma membrane (blue arrowhead in Figure [4](#fsb220119-fig-0004){ref-type="fig"}E), suggesting that *Ciona* Cav‐a can form large curved domains at the plasma membrane with distinct morphology similar to the caveolae. In contrast, the Cav‐b APEX reaction product was found within the intraluminal vesicles of multivesicular endosomes and diffusely localized at the plasma membrane in BHK cells (red arrowhead in Figure [4](#fsb220119-fig-0004){ref-type="fig"}C) and KO MEFs (red arrowhead in Figure [4](#fsb220119-fig-0004){ref-type="fig"}F,G) with no association with regions of high plasma membrane curvature. Expression of vertebrate Cav1 GFP and APEX2‐nanotrap in mammalian cells was used as a control (Figure [S6](#fsb220119-sup-0001){ref-type="supplementary-material"}).

![Ultrastructural characterization of *Ciona* Cav‐a expressed in mammalian cells. GFP‐tagged *Ciona* Cav‐a and Cav‐b were coexpressed with GFP‐nanobody‐APEX2, respectively, in BHK cells (A‐C) or in CAV1−/− MEFs (D‐G), and then processed for electron microscopy. The DAB reaction product is associated with intracellular compartments including endosomes (green arrows in C, End) and numerous intracellular vesicles (red arrowheads in A, B, and E). At the plasma membrane (PM), the DAB reaction product is associated with uncoated vesicles/pits of approximately 150 nm diameter in both Cav‐a expressed BHK cells (blue arrows in panel B shows the surface connection of caveolae and the dashed line indicates PM) and CAV1 KO MEFs (blue arrows in E). In Cav‐b expressed BHK cells and CAV1 KO MEFs, peroxidase reaction products were diffused at the plasma membrane and were not observed to be associated with membrane curvature (red arrowheads in C and F‐G). N, nucleus. Bars 1 µm](FSB2-34-1345-g004){#fsb220119-fig-0004}

All these results strongly suggest that *Ciona* Cav‐a has the ability to form caveola‐like structures by inducing the curvature of the plasma membrane.

3.4. Cav‐a protects the morphology of the muscle and notochord cells and affects tail morphogenesis {#fsb220119-sec-0020}
---------------------------------------------------------------------------------------------------

We used microinjection of *Cav‐a* morpholinos to knock down its expression in whole muscle and notochord tissues. The Cav‐a antibody staining confirmed the efficacy of our morpholino probe (Figure [S7](#fsb220119-sup-0001){ref-type="supplementary-material"}A,B′). Inhibition of Cav‐a expression by morpholino injection caused the failure of notochord lumen formation (Figure [5](#fsb220119-fig-0005){ref-type="fig"}A; compare to control embryos with fully expanded lumens), disappearance of caveolae‐like structures in muscle and notochord (Figure [5](#fsb220119-fig-0005){ref-type="fig"}B), and the tail length was significantly reduced in the Cav‐a knockdown embryos (Figure [5](#fsb220119-fig-0005){ref-type="fig"}C). The phenotypes were rescued in Cav‐a MO rescue experiments (Figure [5](#fsb220119-fig-0005){ref-type="fig"}A,C). These observations indicate that caveolae‐like structures in *Ciona* embryos are *Cav‐a* dependent and it plays crucial roles in *Ciona* tail morphogenesis. We thus further analyzed the locomotive behaviors of *Ciona* embryos and observed that the *Cav‐a* MO larvae lost the ability to swim. Their tails could not swing freely to drive forward movement. *Cav‐a* MO larvae just vibrated subtly and remained where they were (Supporting Information Movies [S1](#fsb220119-sup-0002){ref-type="supplementary-material"} and [S2](#fsb220119-sup-0003){ref-type="supplementary-material"}).

![Cav‐a is required for tail elongation and notochord lumen formation. A, Phenotypes of Cav‐a knockdown by morpholino microinjection and rescued embryo. The upper panel is Control Cav‐a morpholino, Cav‐a morpholino‐injected embryos, and phenotype rescued embryos. Enlarged image in lower panel shows visible lumen (L) in the Control Cav‐a morpholino injected and rescued embryos. The abnormal muscle (red arrowhead) and notochord (red arrow) cells with no lumen are observed in *Cav‐a* morpholino injected embryo. Scale bars are 100 and 10 µm, respectively. no = notochord, and mu = muscle. B, TEM pictures of *Ciona* embryos. Invaginated caveolae‐like membrane structures in muscle and notochord cells (red arrow) in control morpholino‐injected embryos. In *Cav‐a* morpholino‐injected embryos, no caveolae‐like structures are detected in muscle and notochord cells. Scale bar 500 nm. C, Quantitative data on tail length of nontreated, control, and Cav‐a morpholino injected and rescued embryos. Asterisk (\*\*\*\*) indicates the significant difference (*P* \< .0001) and ns indicates the nonsignificant difference. D, Expression of Cav‐a‐P189L construct in *Ciona* living embryos. Aggresome‐like structures appear near the nucleus at 15 and 20 hpf in notochord and muscle cells (white arrows). The morphology of the Cav‐a‐P189L‐expressed notochord cell is abnormal (yellow arrows). Scale bar is 10 µm. E, The phenotypes of nontreated, Cav‐a::EGFP‐ and Cav‐a‐‐P189L‐expressed *Ciona* embryos at 20 hpf. Scale bar is 100 µm. F, Quantitative data on tail length of nontreated, Cav‐a::EGFP‐ and Cav‐a‐P189L‐expressed embryos. Asterisk (\*\*\*\*) indicates the significant difference (*P* \< .0001) and ns indicates the nonsignificant difference](FSB2-34-1345-g005){#fsb220119-fig-0005}

To confirm the phenotype seen in *Cav‐a* morpholino knockdown embryos, we made a point mutation (Cav‐a‐P189L) by replacing proline at position 189 with lysine (equivalent to mammalian CAV1P132L or CAV3P104L). This site has been demonstrated to play a crucial role in the structural stability of the caveolin proteins[37](#fsb220119-bib-0037){ref-type="ref"} with mutations in this region causing the proteins to act as dominant‐negative mutants.[38](#fsb220119-bib-0038){ref-type="ref"} Expression of the Cav‐a‐P189L::EGFP mutant under *Cav‐a* own promoter, produced noticeable phenotypes, consistent with a dominant negative effect in *Ciona* embryos (Figure [5](#fsb220119-fig-0005){ref-type="fig"}D). The Cav‐a‐P189L::EGFP fusion protein formed aggresome‐like structures near the nucleus in both muscle and notochord cells at 15 and 20 hpf (white arrows in Figure [5](#fsb220119-fig-0005){ref-type="fig"}D). Importantly, notochord cells expressing the mutant protein did not align in the same row with other wild‐type cells and showed abnormal round morphology and no lumen (yellow arrows in Figure [5](#fsb220119-fig-0005){ref-type="fig"}D). This observation prompted us to utilize the *brachyury* promoter to drive the expression of the Cav‐a‐P189L point mutant, specifically in the notochord, and to make a time‐lapse movie to examine what happens to those mutant cells in the notochord during morphogenesis. Intriguingly, we found that the mutant notochord cell became round and was squeezed out from the notochord line by the neighboring wild‐type cells (Figure [S8](#fsb220119-sup-0001){ref-type="supplementary-material"}). This phenomenon was never observed in wild‐type Cav‐a::EGFP expressing cells.

Muscle cells expressing Cav‐a‐P189L::EGFP also displayed abnormal morphology (white arrows in Figure [5](#fsb220119-fig-0005){ref-type="fig"}D). We observed that the tail lengths of mutant embryos were shorter than that in control embryos (Figure [5](#fsb220119-fig-0005){ref-type="fig"}E; quantitated in Figure [5](#fsb220119-fig-0005){ref-type="fig"}F). Analysis of swimming behavior demonstrated that mutant larvae displayed limited movements, similar to the *Cav‐a* MO ones (Supporting Information Movie [S3](#fsb220119-sup-0004){ref-type="supplementary-material"} and [S4](#fsb220119-sup-0005){ref-type="supplementary-material"}). These observations demonstrated that Cav‐a is required for locomotive ability in *Ciona* larvae, most probably by maintaining tissue mechanics.

Taken together, these results indicate that *Ciona* Cav‐a is required for the maintenance of cell shape, tissue integrity, and, ultimately, for tail morphogenesis.

3.5. Cav‐a vesicles transport to apical membrane required for notochord lumen opening and expansion {#fsb220119-sec-0021}
---------------------------------------------------------------------------------------------------

Antibody immunofluorescence staining showed that Cav‐a is localized at the lateral domain at 17 hpf and transported to the apical domain during notochord lumen expansion (22 hpf) (Figure [2](#fsb220119-fig-0002){ref-type="fig"}A). To analyze the dynamics of Cav‐a localization, we expressed Cav‐a‐GFP in the notochord. Cav‐a‐GFP localized in the perinuclear region at 14 hpf (Figure [6](#fsb220119-fig-0006){ref-type="fig"}A). At 19 hpf, when the lumen started to open and grow, Cav‐a‐GFP formed vesicles (white arrowheads) and accumulated at the apical membrane domains (Figure [6](#fsb220119-fig-0006){ref-type="fig"}B). At 21 hpf, when the notochord lumen became fully expanded, it was specifically enriched at the apical domains (Figure [6](#fsb220119-fig-0006){ref-type="fig"}C). To observe the dynamics of Cav‐a‐GFP in the membrane, we performed fluorescence recovery after photobleaching (FRAP) experiments (Figure [6](#fsb220119-fig-0006){ref-type="fig"}D). Fluorescence in the bleached region (red rectangle in Figure [6](#fsb220119-fig-0006){ref-type="fig"}D) was recovered approximately 80% within 5 minutes after bleaching, while its neighboring region (dark yellow rectangle in Figure [6](#fsb220119-fig-0006){ref-type="fig"}D) did not show a significant change (Figure [6](#fsb220119-fig-0006){ref-type="fig"}E). This demonstrated that luminal membrane‐localized caveolin was recruited from the cytoplasm (white arrowheads in Figure [6](#fsb220119-fig-0006){ref-type="fig"}D, Supporting Information Movie [S5](#fsb220119-sup-0006){ref-type="supplementary-material"}), indicating that Cav‐a vesicles transport to the apical membrane during notochord lumenogenesis.

![Cav‐a vesicle transport to the luminal membrane and is essential for notochord lumen formation. A, Cav‐a‐tGFP localizes at the peri‐nucleus in *Ciona* embryos at 14 hpf. B, At 19 hpf, Cav‐a‐tGFP presents as vesicles in the cytoplasm (white arrowheads) and accumulates at the apical membrane domains. C, At 21 hpf, Cav‐a‐tGFP specially enriches at the apical domains*.*D, FRAP experiment in the notochord cell\'s apical membrane. Red and dark yellow rectangles show the bleached and its neighbor regions of Cav‐a‐tGFP at the luminal membrane, respectively. The white line demarcates between two adjacent notochord cells (no1 and no2). E, The recovery of fluorescence after bleaching of Cav‐a‐tGFP (red line) and the change of fluorescence intensity in its neighbor region (dark yellow line). F, Phenotypes of *Ciona* notochord tubulogenesis after BFA treatment. At 21, 23, and 26 hpf, there is no lumen present in BFA‐treated groups, while lumen (L) is present in the controls and the tubular structure (T) is formed at 26 hpf in the control group. Scale bars are 10 µm](FSB2-34-1345-g006){#fsb220119-fig-0006}

Next, we examined whether vesicle trafficking mechanisms contribute to lumen formation in the *Ciona* notochord. Therefore, we utilized Brefeldin A (BFA), a chemical inhibitor that acts on the endoplasmic reticulum and the Golgi complex, to block vesicle trafficking.[39](#fsb220119-bib-0039){ref-type="ref"} *Ciona* embryos treated with BFA at 16 hpf (before lumen formation) showed no visible lumen, as compared to the controls (Figure [6](#fsb220119-fig-0006){ref-type="fig"}F), suggesting that the vesicle trafficking is indeed required for notochord lumen formation and contributes to embryonic tail morphogenesis.

4. DISCUSSION {#fsb220119-sec-0022}
=============

Caveolins are evolutionarily conserved proteins, which have been demonstrated to play crucial roles in vertebrate development and cell physiology. However, their functions have not yet been fully investigated in invertebrates. Here, we have revealed that *Ciona* Cav‐a, in the absence of cavin proteins, has the ability to induce membrane curvature. We show that *Ciona* Cav‐a plays essential roles in protecting muscle and maintaining notochord cell integrity and is required for tail morphogenesis in urochordate embryogenesis. Knockdown of *Cav‐a* or expression of a dominant‐negative mutant form of *Cav‐a* causes a short tail and results in a loss of the lumen in the notochord cells of *Ciona* embryos (Figure [7](#fsb220119-fig-0007){ref-type="fig"}).

![Working model of Cav‐a in ascidian cell and tissue morphology. A, The schematic diagram depicting the phenotypes of *Cav‐a* morpholino‐injected embryos. The MO embryo displays abnormal muscle and notochord cell morphology with no notochord lumen and short tail length. B, The schematic diagram of the phenotypes of Cav‐a dominant‐negative mutant expressed *Ciona* embryos. The aggresomes are presented (Green) in muscle and notochord cells in Cav‐aP189L::EGFP expressing embryos. The mutant notochord cell is squeezed out by neighboring wild‐type cells with no lumen formation. C, At the cellular level, the mutant cell phenotype is displayed with loss of caveolae‐like structure by forming aggresome (Green), and loss of normal cellular architecture in both muscle and notochord cells](FSB2-34-1345-g007){#fsb220119-fig-0007}

4.1. Ascidian Cav‐a forms membrane curvature in both in vitro and in vivo experiments {#fsb220119-sec-0023}
-------------------------------------------------------------------------------------

It is known that the vertebrate caveolins can generate caveola structures[40](#fsb220119-bib-0040){ref-type="ref"} but the existence of caveolae in invertebrates is less clear. Some invertebrate caveolins, such as those from *C. elegans*, cannot generate caveolae‐like structures when expressed in mammalian cells,[16](#fsb220119-bib-0016){ref-type="ref"} but this differs from caveolin from the honey bee, *A. mellifera*, which was shown to generate caveolae when expressed in the same system and could recruit the endogenous cavin‐1 protein, despite no genes encoding cavin proteins being evident in the bee or other invertebrate genomes.[16](#fsb220119-bib-0016){ref-type="ref"} The cavin proteins are known to be critical for the generation of caveolae in vertebrates[41](#fsb220119-bib-0041){ref-type="ref"} but it is also apparent that in model systems mammalian caveolin alone can generate membrane curvature.[17](#fsb220119-bib-0017){ref-type="ref"}, [18](#fsb220119-bib-0018){ref-type="ref"} In the urochordate animal *Ciona*, our results using a cell‐free system, as well as in vivo experimental results, revealed that Cav‐a was recruited to the plasma membrane, and generated membrane invaginations that were morphologically similar to vertebrate caveolae, but with a wider "neck". The loss of these structures in Cav‐a knockdown *Ciona* embryos provides strong evidence that these wide‐necked "caveolae" are the invertebrate counterpart of mammalian caveolae. Interestingly, this morphology is almost identical to caveolae of the zebrafish notochord in embryos lacking the notochord cavin1 isoform[9](#fsb220119-bib-0009){ref-type="ref"}; the number of caveolae is greatly decreased upon the loss of notochord Cavin1b but the remaining caveolae have similar morphology to those in the *Ciona* embryos. We, therefore, speculate that this morphology might be due to the lack of cavins in *Ciona*, as in other invertebrates.

4.2. Cav‐a is required for the normal morphology of muscle and notochord during *Ciona* tail morphogenesis {#fsb220119-sec-0024}
----------------------------------------------------------------------------------------------------------

Despite extensive work regarding caveolar biology in different organisms and cellular systems, the exact functions of caveolins remain elusive.[7](#fsb220119-bib-0007){ref-type="ref"} There is also limited information on the function of invertebrate caveolins. We attempted to understand the function of Cav‐a from *Ciona* using morpholino and dominant negative approaches. The perturbation of Cav‐a function by morpholino injection led to severe disruption of tail morphogenesis of *Ciona* embryos. We observed that the embryo tail length was significantly shortened compared to the control and no lumen was formed in the notochord. In the vertebrate embryos, caveolin knockdown also caused a short tail phenotype.[15](#fsb220119-bib-0015){ref-type="ref"}, [42](#fsb220119-bib-0042){ref-type="ref"} There is accumulating evidence that caveolae flatten during mechanical stress. Perturbation of the function of caveolin leads to a decrease in the number of caveolae and, hence, the ability to flatten in response to membrane force, thus causing membrane damage and loss of cell and tissue integrity in vertebrates.[8](#fsb220119-bib-0008){ref-type="ref"}, [9](#fsb220119-bib-0009){ref-type="ref"}, [43](#fsb220119-bib-0043){ref-type="ref"}

We also expressed a point mutant of Cav‐a in a mosaic fashion in the notochord and muscle by electroporation and were able to identify a distinct phenotype, presumably as a consequence of the dominant negative effect of the mutant. Initially, the caveolin point mutant PL was linked to breast cancer in humans.[44](#fsb220119-bib-0044){ref-type="ref"} Later studies showed that the caveolin PL mutant was able to inhibit the transport of wild‐type caveolins toward the plasma membrane by forming an aggresome structure near the nucleus, and thus acted in a dominant negative fashion.[38](#fsb220119-bib-0038){ref-type="ref"}, [45](#fsb220119-bib-0045){ref-type="ref"} In our studies, the Cav‐aP189L mutant formed an aggresome‐like structure near the nuclei of the muscle and notochord cells, presumably blocking Cav‐a from reaching the plasma membrane. As a result, the Cav‐a could not create membrane curvature to protect the cell during embryo morphogenesis. Strikingly, the mutant notochord cell was displaced by the neighboring wild‐type cells. The tail length was also decreased, similar to observations in *Cav‐a* knockdown embryos. Furthermore, the swimming ability was severely compromised in the mutant embryos.

*Ciona* Cav‐a is localized at the luminal membrane of the notochord cell and in vesicle‐like structures in the muscle and notochord cells. This localization presumably reflects its importance during the morphogenesis of *Ciona* embryos, since during this time the tail bends and the notochord cells show active movements causing the muscle and notochord to experience mechanical stress. Mechanoprotection can occur by flattening of membrane invaginations to allow the cell to change shape[8](#fsb220119-bib-0008){ref-type="ref"}, [9](#fsb220119-bib-0009){ref-type="ref"} or by fusion of vesicles into the membrane to increase the surface area.[5](#fsb220119-bib-0005){ref-type="ref"} As the cooperation between the muscle and notochord is required to complete tail morphogenesis in *Ciona*,[46](#fsb220119-bib-0046){ref-type="ref"} we suggest that Cav‐a has a role in tail morphogenesis by modulating either membrane curvature or vesicle trafficking to counter the stress experienced by the muscle and notochord cells.

4.3. Cav‐a vesicle trafficking plays roles in notochord lumen opening and formation {#fsb220119-sec-0025}
-----------------------------------------------------------------------------------

After intercalation, the notochord cell elongates and then separated extracellular lumen formation begins. Ultimately, the lumens grow in size and connect each other to form a single lumen tubular structure.[47](#fsb220119-bib-0047){ref-type="ref"} However, little is known about how the extracellular lumen formation initiates. One possibility may be that initially, during lumen formation, membrane trafficking takes place which provides the necessary surface area for lumen formation and later the expansion of the lumen is driven by membrane transporters localized at the apical domain.[48](#fsb220119-bib-0048){ref-type="ref"} During lumen expansion, the junctional actomyosin network regulates the shape of the lumen by exerting contractile force,[49](#fsb220119-bib-0049){ref-type="ref"} and, as a consequence, the luminal membrane experiences a constant force, but how lumen morphology is maintained intact is not known. Vesicle trafficking is the major factor contributing the membrane to the apical domain for lumen formation during tubulogenesis.[50](#fsb220119-bib-0050){ref-type="ref"} Recently, it was revealed that vesicles were trafficked from the basal membrane toward the apical membrane during lumen formation in *Ciona* notochord.[51](#fsb220119-bib-0051){ref-type="ref"} FRAP has been used to determine the dynamics of the membrane proteins in diverse model organisms.[52](#fsb220119-bib-0052){ref-type="ref"}, [53](#fsb220119-bib-0053){ref-type="ref"}, [54](#fsb220119-bib-0054){ref-type="ref"} The small region of plasma membrane was laser bleached and the fluorescence intensity of the bleached and its neighboring regions was recorded, respectively, to determine the sources of the recovered membrane proteins. In our experiment, the fluorescent intensity of Cav‐a::GFP at the bleached neighboring region did not decrease much, suggesting that the membrane‐localized Cav‐a::GFP is not supplied by the diffusion from the existent membrane‐localized population, but mainly through the vesicle trafficking from the cytoplasm. Thus, we demonstrated the fact that the Cav‐a vesicles are trafficked toward the apical luminal membrane. Abolishment of caveolin function or blocking of vesicle trafficking inhibits lumen formation and expansion, suggesting that Cav‐a at the luminal membrane serves to increase the surface area during lumen expansion to keep the lumen intact. Another possible scenario is that the Cav‐a act as a mechanosensor in the highly tensed apical membrane of the notochord. It might respond and regulate the membrane tension via flattening during apical membrane growth and lumen expansion. And the loss of this regulatory mechanism may have caused the failure of the lumen opening and growth.

5. CONCLUSIONS {#fsb220119-sec-0026}
==============

In this study, we employed both in vitro and in vivo approaches to understand the function of caveolin from the invertebrate chordate *Ciona* during embryonic tail morphogenesis. Our findings revealed several interesting functions of invertebrate chordate caveolins. First, the invertebrate chordate caveolin, which is expressed without cavin proteins, has the ability to induce membrane curvature and form vertebrate caveolae‐like structures, but with a distinct morphology, at the plasma membrane. Second, we show that the invertebrate chordate caveolin maintains the morphology and integrity of muscle and notochord, and is required for tissue morphogenesis. Third, the invertebrate chordate caveolin is involved in notochord lumen formation through polarized vesicle trafficking. These findings provide new insights into the mechanisms involved in the protection and maintenance of tissue integrity during embryo morphogenesis and the evolutionary conservation of caveolin function.
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